I. INTRODUCTION
Proton tunneling is a large-amplitude vibrational motion which has been observed and could be present in a wide range of molecules and complexes involved in important chemical reactions and biological systems such as DNA. The tropolone monomer exhibits proton tunneling, and this work was initiated to look for possible proton tunneling in the tropolone-formic acid doubly hydrogen bonded dimer.
Tropolone (2-hydroxy-2,4,6-cycloheptatrien-1-one), a seven-membered ring pseudoaromatic molecule, is considered as a prototypical molecule for proton transfer. The carbonyl group is located on one of the carbon atoms within the ring, and the OH group is attached to the carbon atom at the α position with respect to the carbonyl group. The neighboring C= =O and OH groups interact and form an intramolecular hydrogen bond. The non-symmetric hydrogen atom tunnels between the two carbonyl oxygen atoms during the tautomerization of the carbon ring. The resulting structure after the tunneling motion is identical to the structure beforehand. This tunneling effect results in a double minimum well in the potential energy surface and a transition state of C 2v (M) symmetry along the proton-transfer coordinates. The tunneling motion is described by a vibrational motion which results in two vibrational states that represent each of the tunneling states observed. This proton tunneling effect has been extensively studied using microwave spectroscopy, 1,2 rotationally resolved degenerate four-wave mixing, 3-7 matrix-isolated infrared spectroscopy, 8, 9 laser-induced fluorescence (LIF) techniques, 10, 11 and gaseous infrared spectroscopy. [12] [13] [14] [15] The magnitude of the tunneling splitting of tropolone can be affected by a number of factors. Among them are the motion of the tunneling proton, the displacement of heavy nuclei, redistribution of electronic charge density among various atoms, energy and mode of vibrational excitation, and introduced asymmetric isotopic substitutions. The barrier height can also be influenced by intermolecular interactions, such as forming van der Waals complexes with rare gases or hydrogen bonded systems with other carboxylic acids. These intermolecular interactions can both perturb the molecule's vibrational coupling and change the barrier height and shape of the potential energy surface. The rare gases Ar, Kr, and Xe were the simplest complexing agents studied to form the tropolone van der Waals complexes. Sekiya et al. 16 studied the fluorescence excitation spectra of jet-cooled tropolone-Rg (Rg = Ar, Kr, Xe). They found that the tunneling doublet separation |∆ ′ v − ∆ ′′ 0 | for the tunneling states of Ar-tropolone to be close to that of the tropolone monomer. ∆ ′ v is the tunneling splitting of the v level inÃ 1 B 2 state, and ∆ ′′ 0 is that of the zero-point level in X 1 A 1 . Lin et al. 17 reported the microwave spectrum of Ar-tropolone and found that even the weak interaction between argon and tropolone quenches the proton tunneling. Keske and Plusquellic 18 reported the microwave spectrum of tropolone-H 2 O and found that the tropolone monomer tunneling splitting vanishes upon addition of a water molecule.
Formic acid (FA) is known to form doubly hydrogen bonded dimers with several carboxylic acids [19] [20] [21] [22] [23] [24] [25] that exhibit a concerted double proton tunneling. Some other doubly hydrogen bonded dimers do not exhibit the concerted proton tunneling. 26, 27 We recently reported the microwave spectrum of cyclopropanecarboxylic acid-formic acid (CPCA-FA) dimer 28 and no tunneling was observed for this doubly hydrogen bonded dimer. The doubly hydrogen bonded tropolone-formic acid dimer introduces a new interesting question about whether or not the tunneling splitting can be observed in this larger more symmetric complex. We expect the concerted double proton tunneling motion to be present in the dimer since it possesses the required C 2v (M) symmetry, but the tunneling splittings would not be observed if the potential barrier is too high. In this paper, we report the microwave spectrum and ab initio calculations of the tropolone-formic acid doubly hydrogen bonded dimer.
II. MICROWAVE MEASUREMENTS
The microwave spectrum was measured for the tropolone-formic acid doubly hydrogen bonded dimer in the 4.7-9 GHz range, and all the assigned transitions are shown in Table I . These measurements were taken using a Flygare-Balle type pulsed-beam Fourier transform microwave spectrometer that has been previously described. 29, 30 The tropolone (98%) and formic acid (98%) samples were both purchased from Sigma Aldrich and used without further purification. The samples were transferred to separate glass sample cells. The cell containing tropolone was placed in the Ne gas line just before the pulsed valve (General Valve, Series 9) and was set to pulse at room temperature. The Ne backing pressure was maintained at about 1 atm. The tropolone sample was pulsed until there was a strong parent test signal recorded. Once the tropolone signal was sufficiently strong, the sample cell containing the formic acid was placed in the Ne gas line, before the tropolone sample, and the formic acid vapor was passed over the tropolone sample with each molecular beam pulse. The sample of formic acid was brought to −8 • C before attaching to the Ne gas line and this temperature was maintained using a Peltier cooling device. The formic acid vapor was pulsed over the solid tropolone sample for about 
III. CALCULATIONS AND ROTATIONAL CONSTANTS
Ab initio calculations were performed on the HPC (High Performance Computing) system at the University of Arizona using the Gaussian 09 31 using the B3LYP method with the aug-cc-pVTZ basis. The results from this calculation are shown in Table II , and the calculated structure showing the hydrogen bond lengths is shown in Figure 1 . The calculated rotational constants were used in the Pickett SPCAT 32 program to predict the rotational transitions expected to be observed. The calculated dipole moment components were 3.8 D along the a-axis and 0.6 D along the b-axis, so it was expected that the a-type transitions would be the strongest and these were the transitions that were initially searched for. The rotational and centrifugal distortion constants were determined from the measured 25 a-and b-type rotational transitions using the Pickett SPFIT program, and the experimentally determined parameters are also shown in Table II .
IV. DISCUSSION
The rotational spectrum was measured for the tropolone-formic acid doubly hydrogen bonded dimer in the 4.7-9 GHz range using a pulsed-beam Fourier transform microwave spectrometer. It was expected that this doubly hydrogen bonded dimer would exhibit a concerted double proton tunneling motion as the dimer has a C 2v (M) symmetry. This symmetry has been proposed as a requirement to observe the proton tunneling motion, and this symmetry has been present in numerous other hydrogen bonded dimers exhibiting observable tunneling splittings. When the doubly hydrogen bonded dimer exhibits proton tunneling, each rotational transition measured is split; the magnitude of this splitting ranges up to a few MHz for a-type transitions and it can be hundreds of MHz for b-type transitions and is dependent on the barrier height and separation of the minima for the potential energy surface. When the splittings due to tunneling are observed, a vibration-rotation coupling analysis needs to be performed to fit the spectra from the two tunneling states which are treated as two vibrational states. After measuring both a-and b-type transitions for this dimer, no splittings for any transition were observed indicating that this doubly hydrogen bonded dimer did not exhibit the concerted double proton tunneling motion.
To get an estimate of the barrier height in the potential energy surface for the tunneling motion, the two tunneling protons were held fixed between the tropolone and formic acid molecules such that the distance of the proton between the two oxygen atoms in each molecule was equivalent, and the energy of this transition-state structure was calculated using B3LYP/aug-cc-pVTZ. The difference in energy of the calculated equilibrium structure and this transition state structure was about 15 000 cm −1 . The distance that each proton was estimated to move during the tunneling process is about 0.8 Å, which is similar to what was found for the propiolic-formic acid dimer. 20 The distance each proton moves was found by taking the transition state O-H bond lengths and subtracting the B3LYP optimized bond lengths and multiplying by 2 to get to the next tunneling state. The large barrier height between the two tunneling states is, very likely, why the concerted double proton tunneling motion was not observed for this doubly hydrogen bonded dimer. The estimated distance between the potential minima was similar to that for propiolic acid-formic acid complex for which the proton tunneling process was observed in the microwave spectra.
While measuring the rotational transitions from this dimer, the spectrum was congested with numerous other transitions that were significantly strong. From the ab initio calculations, it was predicted that there are many low energy out of plane vibrational modes. The inertial defect calculated from the experimentally determined rotational constants is ∆ = −1.46 amu Å 2 . This is indicative of a planar structure with the magnitude not being significantly large, but because of the nonzero negative value, this is a confirmation that there are significant out of plane vibrations for this dimer. 33 After measuring many transitions and attempting to make sense and assign the congested spectra, none of the additional transitions measured were able to be fit to an excited vibrational state. The additional transitions are most likely from other complexes formed with formic acid or water or due to the excited vibrational states.
